A search for K − pp bound state (the lightest kaonic nucleus) has been performed using the γd → K + π − X reaction at E γ =1.5-2.4 GeV at LEPS/SPring-8. The differential cross section of K + π − photo-production off deuterium has been measured for the first time in this energy region, and a bump structure was searched for in the inclusive missing mass spectrum. A statistically significant bump structure was not observed in the region from 2.22 to 2.36 GeV/c 2 , and the upper limits of the differential cross section for the K − pp bound state production were determined to be 0.1−0.7 µ b (95% confidence level) for a set of assumed binding energy and width values.
Search for K
− pp bound state via γd → K + π − X reaction at E γ = 1.5 − 2. 
Introduction
Kaonic nuclei provide us with rich information on the sub-thresholdKN interaction and the nature of Λ(1405) in the nuclear medium. Since theKN interaction is strongly attractive in isospin 0 channel, the existence of kaonic nuclei is supported theoretically. Many experiments have been performed to search for such states using various reactions. KEK-PS E471/E549 group searched for the four-body systems: K − ppn and K − pnn using the stopped K − reaction on a liquid 4 He target [1, 2] . Narrow (the width is less than 40 MeV) peaks were not observed in the missing mass spectra of 4 He(K − stopped , p)X and 4 He(K − stopped , n)X, and the group concluded that the upper limits of the formation probability are below a few percent per stopped K − events. Osaka group studied theK-nucleus interaction using inflight (K − , N) reactions on 12 C and 16 O targets [3, 4] . The authors observed an enhancement of the yield in the K − bound region in the inclusive spectra. The shapes of the obtained spectra were compared with theoretical calculations, and the derivedK potential appeared as rather deep (160 − 190 MeV). However another theoretical calculation was also able to explain the spectra with a shallow (60 MeV) potential [5] , and more intensive experimental investigations are necessary to improve the precision of the shape analysis.
The lightest system,KNN is a fascinating system to investigate the sub-thresholdKN interaction more precisely. In particular, the bound state of K − and two protons (K − pp bound state) has been actively studied because it has the largest number ofKN pairs with I=0 and is estimated to be the strongest binding system among the three-body systems. The structure and the production mechanism of K − pp bound state have been investigated using various theoretical approaches [6, 7, 8, 9, 10, 11, 12] . The binding energy (B.E.) and the width (Γ) were predicted to be 9 − 95 MeV and 34 − 110 MeV, respectively. The predicted values are in considerable disagreement depending on theKN interaction models and the calculation methods. On the other hand, K − pp bound state has been searched for experimentally, and there are two groups who have detected the possible candidates. The first measurement was reported by FINUDA group at DAΦNE [13] . They investigated the stopped K − reaction on five kinds of targets ( 6 Li, 7 Li, 12 C, 27 Al and 51 V) and observed a bump structure in the invariant mass spectrum of Λ and proton which were emitted back-to-back from the targets. The B.E. and Γ were determined as 115 
+2
−3 (syst) MeV, respectively. However there are some theoretical interpretations that the observed peak can be explained by the two-nucleon absorption with the final state interaction of outgoing particles [14] . DISTO group at SATURNE re-analyzed the dataset of the exclusive pp → pK + Λ reaction and observed a bump structure in the missing mass spectrum of K + [15] . The B.E. and Γ were determined as 103 ± 3(stat) ± 5(syst) MeV and 118 ± 8(stat) ± 10(syst) MeV, respectively. The measured values of B.E. and Γ are different between the two groups, and they are inconsistent with any of the existing theoretical predictions. Thus, the existence of K − pp bound state has not been established yet, and new experiments using different reaction could help to resolve the controversial situation.
In this letter, we report on the search results using the γd → K + π − X reaction in the photon energy region of E γ = 1.5 − 2.4 GeV. By using a deuteron target, we can reduce the ambiguity from nuclear effects such as Fermi motions. K − pp bound state is expected to have a spatially broad wave function. Therefore, the production cross section is expected to be enlarged with small momentum transfer kinematics. In order to investigate the small |t| region, a π − is detected at forward angles in addition to a K + . In the photon induced reactions, K can be exchanged in the t-channel, while it is prohibited in pion or kaon induced reactions because the vertex with three pseudo scalar particle lines is prohibited. From the beam asymmetry measurements of hyperon photo-productions, a substantial contribution of t-channel K − exchange was confirmed at the very forward regions [16, 17] . The t-channel K − exchange can be treated as a virtual K − beam which is close to onshell by detecting K + at forward angle. From this point of view, we searched for K − pp bound state via virtual d(K − , π − )X reaction with the four momentum transfer, |t|, ranging from 0.2 to 1.4 (GeV/c) 2 . A bump structure was searched for in the inclusive missing mass spectrum of d(γ,
). The study of the the inclusive spectrum allowed us to search for K − pp bound state without selecting the decay mode, whereas considerable contributions from quasi-free processes arise as the background in the search region. These background processes are also discussed in this letter.
The LEPS experiment and Analysis
The experiment was performed at LEPS/SPring-8 in 2002/2003 and 2006/2007. The experimental conditions and data quality were similar throughout these two data taking periods. Therefore two data sets were summed up for the analysis. Linearly polarized photons with energy ranging from 1.5 to 2.4 GeV were produced by the backward Compton scattering. The energy of each photon was measured by detecting scattered electron with a tagging counter. The photon energy resolution is estimated to be approximately 12 MeV. More details about the status of the photon beam are given in [18] .
Liquid deuterium (LD 2 ) of 16 cm effective length was used as the target, and 7.6 ×10 12 tagged photons were incident on the target in total. The charged particles produced from the target were detected with the LEPS spectrometer at forward angle in the laboratory system. The LEPS spectrometer consists of a start counter (SC), a silica-aerogelČerenkov counter (AC), a silicon vertex detector (SVTX), drift chambers (DCs) for tracking, a dipole magnet with field strength of 0.7 [T] and a timeof-flight (TOF) scintillator wall. AC has the reflection index 1.03 and was used for e + e − veto at the trigger level. The momentum threshold of AC is 2.0 GeV/c for kaons and 0.57 GeV/c for pions. The momenta of the particles were analyzed by tracking information, and particle species were identified using TOF information. The momentum resolution is 6 MeV/c at a momentum of 1 GeV/c. More details about experimental setup are given in [16] .
For the present analysis, events with K + and π − tracks were selected with mass values required to be within 3 σ, where σ is the mass resolution depending on the momentum. Events for which a π + was misidentified as a K + were rejected by requiring that the missing mass of p(γ, π + π − )X was above 0.97 GeV/c 2 , where the π + mass was used for the K + mass. In order to reduce the systematic uncertainty arising from the acceptance correction, the analysis was performed within the following kinematical region: cos θ GeV/c. Here θ and p denotes the scattering angle and momentum, respectively, and the subscript "lab" indicates the measurement in the laboratory system. The vertex points of the K + and π − tracks were required to be inside the target. The vertex resolution along the beam axis was approximately 2 mm, and the contamination events from the SC or AC were well-separated from the events from the LD 2 target. In addition, the distance of closest approach between the two tracks was required to be less than 4 mm. These vertex constraints reduced the contribution of hyperon decay events of which vertex points were outside the target or had large closest distances. By comparing the yields of K − pp bound state and Λ generated with a GEANT-based Monte Carlo simulation, the signal to noise ratio was estimated to be improved by a factor of 2. Finally, for the events in which three tracks were detected (K + , π − , and p), the invariant masses of p and π − (M(pπ − )) were calculated, and events in the range of 1.05 GeV/c 2 < M(pπ − ) < 1.12 GeV/c 2 were rejected because they arise from the quasi-free Λ production process. The event loss due to this cut is small (∼ 4%), and there is little possibility to distort the shape of the spectrum of MM d (K + π − ). Figure 1 shows the differential cross section spectrum
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2 ) and K − pp mass threshold (2.37 GeV/c 2 ) are also indicated in the figure. The differential cross section was obtained by applying an acceptance correction to each track. The acceptances were calculated with the GEANT-based Monte Carlo simulation for particles with given one momentum, cosθ, and vertex point [16] . The error bars represent the statistical uncertainty, and the boxes represent the systematic uncertainties. The systematic uncertainty is dominated by the error in the acceptance correction, which was estimated to be 5.7% in the search region. The systematic uncertainty of photon transmission from the collision point to the experimental hutch was estimated to be 3%. The misidentified K + and π − events are distributed mainly in the region below 1.7 GeV/c 2 in the MM d (K + π − ) spectrum, and are negligible in the region where the bump structure is sought. The fluctuation of the target density was assumed to be negligibly small. The systematic uncertainty arising from the above sources was 6.4% in total in the search region. An additional systematic uncertainty which is likely due to the normalization of photon numbers between the two data sets is estimated to be 12% (R.M.S.) using quasi-free Λ and Σ production. This systematic uncertainty is shown as a hatched histogram in Fig.1 , obtained by multiplying the spectrum by the constant ratio of 12%.
As shown in Fig.1 state were searched for with the the Log-likelihood ratio method. In this method, the MM d (K + π − ) spectrum was fitted under two hypotheses : background processes only, and background processes and signal process. The yield of each background process was considered as a free parameter for the fitting. The Log-likelihood value was obtained by fitting the signal and background spectra to the experimental data where the yield of the signal was increased from 0 to a certain value. Then the improvements of Loglikelihood from background only hypothesis (−2∆ ln L) were tested in the search region. It is worthwhile to note that the raw spectrum was used for the fitting because acceptance-corrected spectrum has considerable systematic uncertainties and deteriorates the quality of the fitting. Four processes were used for the background:
The shapes of the spectra were generated with the GEANT-based Monte Carlo simulation, where the Paris-potential model was used to describe the momentum distribution of the nucleons inside the deuteron [19] . In addition, a constant offset was adopted in order to consider the contribution of remaining processes such as hyperon decay. Figure 2 shows the fit result with only background processes. χ 2 /ndf of the fit result is 3.5 in the range from 2.05 GeV/c 2 to 2.6 GeV/c 2 , and approximately 1 in the range from 2.22 GeV/c 2 to 2.36 GeV/c 2 .
The tests were performed for signals with Γ = 20, 60 and 100 MeV, and 15 B.E. values ranging from 10 to 150 MeV. The signal shape was assumed to be a Breit Wigner distribution with the fixed B.E. and Γ , and was generated with the GEANT-based Monte Carlo simulation. As a result of tests, significant improvements of Log-likelihood were not observed under any condition in the search region.
In order to quantify the search results, the upper limits of the differential cross section were determined. The signal yield which gave −2∆ ln L = 3.84 was used to give the upper limit of the yield at the 95% confidence level. In Fig.3 Thus, the upper limits of the yield were determined for signals with Γ = 20, 60 and 100 MeV, and 15 B.E. values ranging from 10 to 150 MeV. The obtained yields were converted to the differential cross section by dividing them by the acceptance of the signals, efficiencies and integrated luminosities. The acceptance was deter-mined with the GEANT-based Monte Carlo simulation under the assumption that d(γ, K + π − )K − pp reaction occurs isotropically in the center-of-mass system. Figure  4 shows the upper limits of the differential cross section of K − pp bound state production for various Γ values as a function of the assumed signal peak mass. The upper limits of the differential cross section of K − pp bound state production were determined to be (0.07 − 0.2), (0.1 − 0.6), (0.2 − 0.7) µb for Γ = 20, 60, 100 MeV, respectively at the 95% confidence level. These values correspond to 0.5% − 5% of the differential cross section of the typical hadron production processes such as γn → K + π − Λ or γp/n → K + π − Σ +/0 . We can compare the obtained results to those of the KEK-PS E471/E549 group. They concluded that the formation probabilities of the four-body kaonic nuclei are less than a few percent per stopped kaon. Since K − absorbed in nuclei form hyperons, their results equivalently state that the formation probabilities of kaonic nuclei are less than a few percent of the typical hyperon production cross section. The obtained search results are comparable with the KEK-PS E471/E549 results although the Kaonic nuclei production mechanisms are expected to be different between the two reactions.
Though bump structures were not observed, there were several thousand events in the search region. In order to investigate the background precisely, the MM p (K + π − ) spectrum and MM p (K + ) spectrum were fitted simultaneously. The subscript p means that the missing mass was calculated assuming a proton at rest as the target. The processes considered for the fitting 
are listed in Tab.1. The contribution of K * 0 production is negligibly small under the selected kinematic conditions and was ignored. PDG values were used for the mean, width, and branching ratio of the hyperon resonances [20] , and all the processes were generated isotropically in the center of mass system. The mass and width of Σ(1660) were assumed to be 1.66 GeV/c 2 and 0.1 GeV, respectively, and the branching ratios of the Λπ − and Σπ − decay modes were considered as free parameters. The fit result is shown in Fig.5 . The experimental data is shown as points with the error bars, and the fit results are shown as a red histogram. The total χ 2 /ndf is 1.3. The fit result indicates that the main contribution to the MM d (K + π − ) spectrum in the search region comes from the γp → K + Λ(1520) process. Its fraction of the observed yield is approximately 20%. The nonresonant Λ/ΣπK + π − production also contributes about 20% to the signal region. The upper limit of production probability of K − pp bound state was determined to be less than 5% of typical hadron processes, and it was found to be difficult to separated the K − pp bound state signal from the background processes in the inclusive measurement. For the further study, it is necessary to detect the decay products of K − pp bound state using counters surrounding the target. K − pp bound state is expected to have non-mesonic decay modes such as K − pp → Λp or K − pp → ΣN, and detecting the proton or Λ which has large transverse momentum is essential to increase the signal to noise ratio.
The production cross section of K − pp bound state is assumed to be dependent on the kinematic condition, especially momentum transfer of residual system. Although the production mechanism of K − pp bound state is poorly understood, if K − pp bound state was produced via the sticking process of virtual K − or intermediate resonance states, the kinematic condition of small momentum transfer is efficient to enlarge the production cross section. Thus, except for the search under the cut condition described above, a search for a bump structure . If K * 0 is produced in t-channel, K and κ exchange is clearly selected [21] . A bump structure was searched for in the MM d (K + π − ) spectrum, but bump structures were not observed under the conditions (a), (b) and (c).
Conclusion
We searched for K − pp bound state using the γd → K + π − X reaction at E γ = 1.5 − 2.4 GeV. A K + and a π − were detected at forward angles in order to select the region of small |t|. The differential cross section of K + π − photo-production off deuterium was measured for the first time in this energy region, and a bump structure K − pp bound state was searched for in the inclusive MM d (K + π − ) spectrum. No bump structure was observed in the mass range from 2.22 to 2.36 GeV/c 2 , and the upper limits of the differential cross section of K − pp bound state production were obtained for different B.E. and Γ. The values are (0.07 − 0.2), (0.1 − 0.6) and (0.2 − 0.7) µb at 95% confidence level for Γ = 20, 60, 100 MeV, respectively. These values correspond to approximately 0.5 − 5% of the cross section of typical hadron photo-production. In order to reveal the origin of the background, the MM p (K + π − ) spectrum and the MM p (K + ) spectrum were fitted simultaneously with 15 background processes. The γp → K + Λ(1520) process and γN → K + π − πΛ/Σ process were found to be the main contribution in the search region.
